Oriented and densely dispersed L1 0 -FePtCu nanoparticles have been directly synthesized by co-evaporation of Fe, Pt and Cu using rfmagnetron sputtering onto NaCl substrate kept at 563-613 K without any post-deposition annealing. Formation of the L1 0 -type structure in the specimens fabricated as low a substrate temperature as 563 K (Fe 40 Pt 50 Cu 10 ) was confirmed by electron microscopy and electron diffraction, while the coercivity measured at room temperature was very low and the intensity of the superlattice reflections was quite weak. The atomic ordering was promoted in the specimen fabricated at 613 K with a composition of Fe 37 Pt 52 Cu 11 , resulted in a higher coercivity exceeding 1 kOe at room temperature as well as appearance of clear superlattice reflections. In addition to the evolution of atomic ordering, h100i oriented growth was enhanced as the substrate temperature increased. Particle size dependence of long-range order (LRO) is considered to be responsible for the decrease of coercivity with particle size reduction as well as thermal fluctuation of magnetization. High coercivity was obtained for specimens with Cu concentration near 10 at% under the present sputtering condition. The LRO in the FePtCu ternary phase is considered to sensitively depend on the alloy concentration.
Introduction
Since the recent CoCr-based magnetic storage media is confronted with the limit of thermal stability problem, 1) FePt thin films and nanoparticles with the L1 0 -type ordered structure have been extensively studied as promising candidates for future ultrahigh density magnetic recording media due to its high magnetocrystalline anisotropy energy (MAE) of 7 Â 10 7 erg/cm 3 . 2,3) Such a high MAE ensures the thermal stability of magnetization of the L1 0 -FePt nanoparticles, which is suitable for ultra-high density recording higher than 1 Tbit/in 2 . [4] [5] [6] Following conditions are required for ultrahigh density magnetic storage media: (1) orientation control of magnetic easy axes, (2) high-density dispersion of crystallites with good isolation, and (3) low-temperature synthesis of the L1 0 phase. Orientation control as well as isolation of nanoparticles has been achieved by epitaxial growth of FePt alloy onto heated MgO and/or NaCl substrates. 5, 7) However, in order to obtain the L1 0 phase with high MAE, it is indispensable to perform the postdeposition annealing or substrate heating at high temperatures around 873 K. Furthermore a few article have taken the areal density of FePt nanoparticles into consideration. Based on such backgrounds, the current interests are concentrated on the fabrication of L1 0 FePt nanoparticles with orientation and high-areal density under the lower temperature. Actually, as for the low temperature atomic ordering, several attempts for fabrication of the L1 0 phase such as chemical processes, 8, 9) multilayering 10, 11) or ion irradiation 12, 13) have been tried for past years. The most successful method to lower the ordering temperature was addition of the third atomic element like Cu into FePt thin films. [14] [15] [16] However there are a few reports on the Cu addition effect on nanoparticles of FePt alloy. Recently, a formation of FePtCu nanoparticles has been reported by means of chemical routes, but the ordering temperature of 823 K reported is still high.
9) The present authors have succeeded in fabricating oriented and isolated L1 0 -type FePtCu nanoparticles under a lower substrate temperature as low as 613 K by means of rfmagnetron sputtering. 17) In this study, oriented L1 0 -type FePtCu ternary islands with high areal density and homogeneous distribution were fabricated by co-deposition of Fe, Pt and Cu targets using rfmagnetron sputtering. Substrate temperature dependence of nanostructure and atomic ordering was studied by transmission electron microscopy and electron diffraction in specific composition. Changes of magnetic properties due to the evolution of atomic ordering were examined from the viewpoints of substrate temperature and alloy composition.
Experimental Procedure
Nanoparticles of Fe-Pt-Cu ternary alloy were fabricated by co-deposition of Fe (99.97%), Pt (99.99%) and Cu (99.96%) targets using rf-magnetron sputtering onto NaCl (001) substrate cleaved in air. The sputtering was performed with Ar (99.999%) gas pressure of 1.33 Pa and the power of 30 W with a base pressure of the chamber of 5 Â 10 À6 Pa. Three kinds of substrate temperatures of 563, 583 and 613 K were used. Post-deposition annealing was not performed after the deposition. Sputtering duration was fixed for 60 s. Thin amorphous carbon film was deposited at room temperature after the sputtering for coating the specimen surface. Structural characterization was performed by using JEOL JEM-2010 and 3000F transmission electron microscopes (TEMs) operated at 200 and 300 kV, respectively. The specimen films were mounted on Cu or Mo grids for TEM observation after removing the NaCl substrates in distilled water. TEM images and electron diffraction patterns were digitally recorded on imaging plates (Fuji Film, FDL-UR-V). Alloy compositions were analyzed by energy-dispersive xray spectrometer (EDS) attached to 300-kV TEM. Magnetic properties were measured by using a super-conducting quantum interference device magnetometer (Quantum Design MPMS XL) with an applied field up to 50 kOe.
Results and Discussion

Evolution of Atomic Ordering
Proceedings of the atomic ordering reaction toward L1 0 -ordered phase were studied as a function of the substrate temperature during the sputter-deposition between 563 and 613 K. Bright-field (BF) TEM images and the corresponding SAED patterns for specimens deposited at 563, 583 and 613 K are shown in Figs. 1(a), 1(b) and 1(c), respectively. All the specimens were composed of densely dispersed FePtCu island-like nanoparticles on the substrate surface. According to compositional analyses of individual particles by means of nano-EDS, it was found that compositional difference from one particle to next was quite small. The difference was within their experimental error. All the corresponding SAED patterns include diffraction patterns from the L1 0 -type ordered structure with h100i orientation grown on the substrate. That is, co-sputtering of Fe, Pt and Cu onto heated NaCl (001) substrate resulted in a direct formation of the L1 0 -ordered nanoparticles under as low a substrate temperature as 563 K. There exist crystallographic variants in the formation of present FePtCu nanoparticles on the substrate as confirmed by coexistence of 001 and 110 superlattice reflections in the SAED patterns. That is, 001 and 110 reflections correspond to the variants with c-axes oriented parallel and normal to the film plane, respectively. Besides the reflections of the L1 0 phase with the h100i orientations, Debye-Scherrer rings from the L1 0 -structure is also seen in the SAED patterns of all specimens, indicating a growth of randomly oriented FePtCu islands together with the h100i oriented growth of FePtCu nanoparticles in the present specimens. The substrate temperature necessary for the perfect epitaxial growth was found to be higher than 613 K in the present sputtering conditions. Actually, as the substrate temperature increased, the h100i oriented growth was enhanced. In order to know the structural change of FePtCu ternary alloy nanoparticles on substrate heating, diffracted beam intensity profiles measured along [001] Ã and [110] Ã directions from the SAED patterns were plotted as a function of reciprocal space distance in Figs. 2(a) and 2(b), respectively. The intensities from 001 and 110 superlattice reflections of the specimen deposited at 563 K are quite weak, and these intensities are largely enhanced at 613 K due to the proceeding of the atomic ordering reaction under the higher substrate temperature. The ordering temperature of 613 K for the L1 0 -FePtCu nanoparticles is about 260 K lower than that of the L1 0 -FePt nanoparticles fabricated by our electron-beam deposition. 7, 18, 19) By contrast, it is clearly shown that the intensity of 111 reflection is largely reduced as the substrate temperature increased, indicating the enhancement of h100i oriented growth under the higher substrate temperature.
Changes of mean particle size, standard deviation and particle areal density against the substrate temperature are Table 1 . Particle size is defined as the arithmetical mean of the major and the minor axes of the ellipse. 20,21) The particle sizes followed a log-normal type distribution function which is a characteristic feature frequently observed in deposited metal nanoparticles. 22 ) Nanoparticles deposited at 613 K have a slightly larger particle size than those of 563 or 583 K due to a larger atom mobility on the substrate surface. Note that all specimens fabricated by the present experiment using rf-magnetron sputtering have the constant particle size deviation (ln) between 0.2 and 0.3 in spite of the variation of mean particle size by the substrate temperature. The particle areal density is in the range of latter half of the 10 11 cm À2 , 1.2-1.6 times lager than that reported previously, 20) and shows no obvious substrate temperature dependence in the temperature range between 563 and 613 K. The areal density largely increased towards 10 12 cm
À2
together with particle size reduction as the sputtering duration decreased. 17) Lattice parameters of the tetragonal ordered structure, aand c-axes with axial ratio c=a, are plotted in Fig. 3 against the substrate temperature. Lattice parameters were determined from SAED patterns using a Au fine polycrystalline thin film mounted on a Cu grid as ''standard'' for the cameralength correction. The a lattice parameter was measured by using the 110 superlattice reflections. In the case of lattice parameter c, 001 superlattice reflections in two kinds of direction were measured and averaged because the FePtCu nanoparticles have two kinds of c-axis direction parallel to the film plane. While the length of a-axis for the L1 0 -FePtCu nanoparticles did not show a clear substrate temperature dependence, the length of c-axis decreased gradually from 0.380(2) nm to 0.374(1) nm as the substrate temperature increased, resulted in the reduction of axial ratio c=a. Note that the error bar of the lattice parameters denote the standard deviation of the measured lattice parameters. Since the atomic ordering was promoted with the increase of substrate temperature, the degree of atomic order was considered to be very low in the case of specimens deposited at the substrate temperatures of 563 and 583 K. By contrast, the atomic ordering for the specimen deposited at 613 K was much promoted and, simultaneously, the coercivity was also increased with the decrease of axial ratio c=a as shown in the later section 3. ) or FePt nanoparticles (c=a ¼ 0:961, 19) c=a ¼ 0:966 26) ). Here S denotes the LRO parameter. Note that a reported axial ratio for a bulk ternary L1 0 -FeCuPt 2 compound is quite low as low as 0.923.
29)
The high-resolution TEM (HREM) micrographs of the FePtCu nanoparticles are shown in Figs. 4(a) (563 K), 4(b) (583 K) and 4(c) (613 K). The characteristic {001} fringes of L1 0 -ordered phase were observed in the HREM images of all specimens, although these fringes together with 001 superlattice reflection in FFT patterns become obscure as the substrate temperature decreased. Besides the characteristic {001} lattice fringes with lattice spacing of 0.37 nm, also crossed {110} fringes of the L1 0 -ordered structure with lattice spacing of 0.27 nm are visible in the upper region of the particle in the HREM image for the specimen deposited at 613 K as seen in Fig. 4(c) . Note that region with {001} fringes corresponds to the variant with c-axes oriented parallel to the film plane, and that with {110} fringes corresponds to the variant with c-axis oriented perpendicular to the film plane. Hence, the FePtCu nanoparticle shown in Fig. 4(c) consists of two-kinds of crystallographic variants. On the other hand, the {110} lattice fringes are not clearly observed in the HREM images of Figs. 4(a) and (b) , although the superlattice reflection of 110 is observed at FFT images weakly. This indicates that the major region in single FePtCu nanoparticle mostly consists of variant-domains with c axis orientation parallel to the in-plane direction. Existence of such a variant-domain structure in a nanoparticle indicates the relatively lower value of degree of order, since the disappearance of the variant domains and the formations of single crystalline nanoparticles with high degree of order were clearly observed on prolonged annealing at 873 K in our previous study on FePt nanoparticles. 19) In the presently Low-Temperature Atomic Ordering of Oriented L1 0 -FePtCu Nanoparticles with High Areal-Density Characterizedfabricated FePtCu nanoparticles with the low temperature substrate, the h100i orientational growth of L1 0 -particles on the NaCl substrate were confirmed.
Magnetic Property Changes along the Atomic
Ordering Coercivity (H c ) and normalized remanence (M r =M s ) were obtained from magnetization curves measured with magnetic field along the in-plane direction, and they are plotted against the substrate temperature as shown in Fig. 5 . Here, M r and M s denote remanence and saturation magnetization, respectively. As the substrate temperature increased, mean particle size increased, hence the horizontal axis of Fig. 5 is related to the particle size. Both coercivity and the normalized remanence at 300 K are considerably lower than those at 10 K, indicating the effect of thermal fluctuation of magnetization in all specimens. It should be noted here that coercivity measured even at 10 K shows particle size dependence as shown in Fig. 5 , which can be attributed to the particle size dependence of MAE due to the particle size dependence of LRO parameter. Actually, it has been reported that MAE is proportional to the square of LRO parameter. 27, 28) Observed increase of coercivity at 10 K with the increase of substrate temperature indicates the progress of atomic ordering reaction under the higher substrate temperature as revealed by TEM study. The remanences at 10 K show almost constant values around 0.6 in all specimens regardless of the particle size.
Morphologies of the nanoparticles, especially of the crystallographic variants of the L1 0 -phase, affect the magnetization curves. These are shown in Figs. 6(a) to 6(c) for the specimens synthesized at 563, 583 and 613 K, respectively. The measurements were made at 300 K. The coercivity (1.4 kOe) measured along in-plane direction at 300 K is higher than the coercivity (1 kOe) measured along perpendicular direction as shown in the Fig. 6(c) . The higher coercivity for the in-plane direction is well consistent with . These are also caused by the fact that the variant domains with caxes parallel to the film plane are larger in number than those with c-axes perpendicular to the film plane. Figure 7 shows composition dependence of the coercivity at the substrate temperature of 613 K. In spite of the same sputtering condition except the alloy composition, there observed a tendency that particles with Fe-rich concentration possess relatively smaller particle size. This tendency is presumed to be arose from the morphological change by alloy composition variation. Note that although all specimens were prepared within the solubility limit of the ternary L1 0 phase, 29) coercivity showed low values below 0.5 kOe when the Pt composition is less than 50 at% Pt. For example, in spite of almost the same mean particle size around 11 nm in diameter, coercivity of Fe 37 Pt 51 Cu 12 nanoparticles is eight times higher than that of Fe 39 Pt 48 Cu 13 nanoparticles. High coercivity more than 1 kOe was obtained at the compositions of Fe 37 Pt 51 Cu 12 and Fe 36 Pt 53 Cu 11 . The coercivity mapping against the alloy composition indicates that the LRO in the FePtCu ternary phase is considered to sensitively depend on the alloy composition. The coercivity change on the alloy composition is through the change of MAE which depends on the composition and LRO of the alloy nanoparticles.
Conclusion
L1 0 -type FePtCu alloy nanoparticles as small as 10 nm with orientation, high-density dispersion and high coercivity have been directly fabricated by co-deposition of Fe, Pt and Cu onto NaCl substrate kept at 563-613 K without any postdeposition annealing using rf-magnetron sputtering. Structure and morphology changes of those particles were investigated by transmission electron microscopy and electron diffraction as a function of the substrate temperature.
The L1 0 -FePtCu ordered phase is formed even at the substrate temperature of 563 K, while the superlattice reflections were quite weak with quite low coercivity. The degree of order drastically enhanced at 613 K resulted in the appearance of clear superlattice reflections and higher coercivity exceeding 1 kOe at room temperature especially when the composition becomes Fe 37 Cu 12 Pt 51 . As the substrate temperature increased, h100i oriented growth of FePtCu nanoparticles was enhanced as well as the evolution of atomic ordering. Particle size dependence of LRO is responsible for the decrease of coercivity with particle size reduction as well as thermal fluctuation of magnetization. Coercivity mapping against the alloy composition indicates that the LRO in the FePtCu ternary phase is considered to sensitively depend on the alloy concentration. Alloy composition dependence of MAE and/or LRO parameter is still open questions together with the reason for the achievement of atomic ordering at such a lower temperature as low as 613 K for ternary FePtCu nanoparticles. Studies to know these reason are now underway. Low-Temperature Atomic Ordering of Oriented L1 0 -FePtCu Nanoparticles with High Areal-Density Characterized 907
